INTRODUCTION
The need to develop new antibiotics to fight pan-drug-resistant bacteria presents significant challenges and opportunities for the biotechnology and pharmaceutical industries. Antibiotics are commercially among the largest group of pharmaceutical products, with an estimated global market value expected to exceed $8.5 billion per annum within the next 5 years. Since the discovery of penicillin more than 70 years ago, a conservative estimate of compounds exhibiting antibiotic activity described in the scientific literature is Ͼ20,000, yet only a small fraction have been developed for human, agricultural, or veterinary use. The great majority of these compounds are synthesized by different Streptomyces species (27, 232) . Some of the most clinically and commercially significant natural Streptomyces products belong to the tetracycline (TC) class of antibiotics, which have been used to treat infections caused by both gram-positive and -negative bacteria as well as infections caused by intracellular pathogens, including mycoplasmas, chlamydiae, and rickettsiae (45, 84) . It is not surprising that since the introduction of these broad-spectrum antibiotics over 5 decades ago, some of the most intensively studied species, from a genetic point of view, among industrially important Streptomyces species have been the tetracycline producers.
Bêhal and Hunter (23) estimated in 1995 that the global production of tetracyclines was in excess of 5,000,000 kg, and there is no evidence that this has diminished in recent years. Indeed, the bulk usage of tetracyclines is likely to have increased over the last 10 years, mainly due to their use in aquaculture. Although resistance to existing tetracyclines has meant that they can no longer be used effectively for many clinical infections, there are still some important high-risk infections for which tetracyclines are the drugs of choice. Among them are infection with the malaria parasite, Plasmodium falciparum (164) ; Lyme disease, for which the semisynthetic drug doxycycline is the agent of choice for early diagnosis when the symptoms do not involve the central nervous system (82) ; and rickettsial tick-borne diseases, where doxycycline is again the agent of choice (216) . Tetracycline is used in the eradication of infection by Helicobacter pylori, the causative agent of most duodenal ulcers. Formulated with metronidazole and bismuth, it eradicates the infection in around 90% of cases, and new formulations of this triple therapy are being developed (79) . Emerging infections, such as infections with community-acquired methicillin-resistant Staphylococcus aureus, can be treated effectively with tetracyclines (135) . Should anthrax ever reemerge, or more likely be used as an infective agent in bioterrorism, doxycycline (a tetracycline derivative) or ciprofloxacin will be the drug of choice (152) . Tetracyclines have an increasing role in the treatment of noninfective disease. Their roles as inhibitors of angiogenesis (130) and inhibitors of metalloproteinases have been studied intensely (e.g., see reference 131). These effects are not due to antibiotic action, since tetracycline derivatives which are structurally related but do not possess any anti-infective activity also act in this way (120) . Tetracyclines (or derivatives such as anhydrotetracycline) are now used as inducers in controllable eukaryotic expression systems. These systems, adapted from the mechanism of regulation of bacterial tetracycline resistance from transposon Tn10, use a modified bacterial tet repressor that is fused to the activating domain of virion protein 16 of herpes simplex virus to generate a tetracycline-controlled transactivator that can be expressed constitutively in HeLa cells (77) . These systems have been adapted for a wide range of applications, not least of which are strategies for gene therapy (78) . Oxytetracycline (OTC) finds particularly heavy use in aquaculture, where 500-kg doses may be used in one campaign (124) . It continues to be approved within the European Union and elsewhere for fish health care (12) , despite some evidence that tetracyclineresistant infections are becoming more prevalent.
Perhaps the most significant development in the tetracycline field in recent years has been the introduction of glycyl-glycyl-9-substituted derivatives (214)-the so-called glycylcyclines-that are now marketed under the trademark Tigecycline. This family of new compounds is active against a number of clinical infections that had become resistant to conventional tetracycline therapy. Among these are multiply resistant Staphylococcus spp. (including vancomycin-insensitive strains), Streptococcus pneumoniae, Enterococcus spp. (including vancomycin-resistant strains), and some extended-spectrum-␤-lactamase-producing isolates of the Enterobacteriaceae (68) . Significantly, Tigecycline was the only anti-infective agent to receive FDA approval in the first half of 2005 (235) .
The primary tetracyclines, namely, TC, OTC, chlortetracycline (CTC), and 6-demethylchlortetracycline (Fig. 1A) , are produced during submerged fermentations of various Streptomyces species isolated from soils during the course of natural product screening programs by industrial as well as academic research groups. The majority of commercially significant tetracyclines are produced by strains of Streptomyces aureofaciens and Streptomyces rimosus, although other species have also been employed (160) . Because of the great economic value of tetracycline antibiotics, the results of strain development programs have not been disseminated widely in the open scientific literature. However, procedures developed for the genetic manipulation of Streptomyces species producing tetracyclines have been published. The number of publications concerning S. aureofaciens genetics is not significant. For this species, scientists have been more interested in elucidating the biochemical pathway leading to TC biosynthesis (see references 21 and 103 and references therein). On the other hand, Ͼ100 publications have appeared describing the genetic manipulation of OTCproducing S. rimosus strains, affording this species one of the best-developed genetic systems of any streptomycete, second only to Streptomyces coelicolor. Unlike the genetics of S. coelicolor, which has been reviewed extensively (97) , there is a paucity of curated information for S. rimosus. Accordingly, the present review concentrates on S. rimosus genetics, paying particular attention to the application of modern molecular approaches that will be invaluable for the development of new tetracyclines by combinatorial biosynthesis and novel recombination approaches (109, 122) . It should also be noted, however, that S. rimosus has been known for some time to be a producer of other biologically active secondary metabolites, such as the polyene antifungal agent rimocidin (51) (Fig. 1B) .
Much of what is currently known about S. rimosus genetics comes from results published by three groups in Russia at the Institute of Genetics and Selection of Industrial Microorganisms and the All-Union Research Institute of Antibiotics, Moscow; from Pfizer Central Research in the United Kingdom, in collaboration with scientists from the John Innes Centre and the University of Glasgow; and from the PLIVA Research Institute in Croatia, together with scientists from the University of Zagreb and the Ru er Bošković Institute. The majority of the important contributions to this field have been published in the English language literature, but a considerable number have also appeared elsewhere in Russian or Croatian. Among the latter, only those deemed most relevant have been translated for inclusion in this perspective. To complicate an objective review of the literature even further, these groups have used four strains of S. rimosus, but with several different designations for each.
During the late 1950s and until the early 1970s, the majority of published work performed in Russia was done with S. rimosus mutants derived from a strain previously called Actinomyces rimosus LS-T118 (155) . More recently, S. rimosus strain 183 has been used to study genetic instability (see reference 210 and references therein). Since the early 1960s, the groups working in Croatia have been generating mutants isolated from two independent S. rimosus strains. These strains are ATCC 10970 (NRRL 2234) from the American Type Culture Collection, whose name has been abbreviated to R7 in the majority of publications, and S. rimosus R6, which is a soil isolate from the Faculty of Food Technology and Biotechnology, University of Zagreb, used for the development of mutants for the commercial production of OTC by PLIVA (Fig. 2) . The linkage maps of S. rimosus R6 and R7 are almost identical (10) . During the 1970s, the group from Pfizer Central Research, in collaboration with scientists from the John Innes Centre in the United Kingdom (71) and, more recently, scientists from the Institute of Genetics, University of Glasgow, published work using mutants derived from the prototrophic strain M4018 (37) , employed commercially for the production of OTC by Pfizer. In the scientific literature, these bacteria have come to be known as the Russian (LS-T118), Zagreb (R6), and Pfizer (M4018) strains (94, 117) . Other strains have also been used sporadically as donors or recipients of DNA (e.g., BS-21, 907, 183, RCC, and PG3) (41, 155, 188, 198, 212) , but no more data on their genetics have been published to date.
BACKGROUND
The first report of recombination in S. rimosus was published by Alikhanian and Mindlin in 1957 (13) . From this time and until the late 1960s, almost all research on S. rimosus genetics concentrated on the following four areas: (i) isolation of nutritional and non-OTC-producing mutants, (ii) classification of the latter using the principle of cosynthesis on solid media, (iii) development of mapping procedures by selective and heteroclone analysis, and (iv) establishment of linkage between mutations by conjugation (6, 14, 15, 17, 32, 33, 54, 67, 155, 156, 157, 159) . During this initial period, interspecific recombination among tetracycline-producing streptomycetes, as well as recombination with some more distantly related species, was also reported (5, 11, 187) . All early reports of interspecific recombination must be treated with caution, because morphological variability and genetic instability can lead to the appearance of apparent recombinants. At the time of the early reports, DNA methods were not available to prove the presence of sequences from both parents.
During the early 1970s, circular chromosomal linkage maps of three S. rimosus strains were constructed. After a preliminary report at the First International Symposium on the Genetics of Industrial Microorganisms in 1970 (7), these maps were independently published by Friend and Hopwood (71) and by Alačević and collaborators (10) . Data from these maps were combined to also include the positions of markers at new loci (9) . Meanwhile, optimal conditions for mutagenesis with N-methyl-NЈ-nitro-N-nitrosoguanidine (MNNG; referred to as nitrosoguanidine [NTG] in some of the cited references) and UV irradiation were also developed (8, 39, 52, 53) . At about the same time, the first estimate of the size of the S. rimosus genome was published (24) . In the early 1970s, studies following three avenues of research were initiated. These were the biochemical characterization of non-OTC-producing mutants and mapping of the OTC genes (180, 200) , characterization and persistence of S. rimosus phages (104, 107, 193, 225) , and genetic and physical characterization of circular and linear S. rimosus plasmids (31, 41, 72, 80, 201, 212) .
During the last 25 years of research into the genetics of S. rimosus, procedures for in vivo and in vitro genetic manipulations have been developed (201) . These include protoplast preparation and regeneration and protoplast-mediated genetic exchange via fusion (62, 105, 108, 163, 222, 223, 228, 229) . Restriction-deficient mutants (115) and broad-host-range plasmids (64, 75, 126, 135) and phage vectors (208) , including a bifunctional cosmid for use with S. rimosus, have also become available (40) . These genetic tools and procedures have been applied to study the genetic instability of S. rimosus strains (49, 80) and for the molecular cloning and characterization of the OTC resistance gene(s) (37, 61, 167, 198) as well as the cloning of genes involved in OTC biosynthesis (29, 36, 37, 150, 177) . These genes have also been used for the formulation of design rules for constructing hybrid aromatic polyketide synthases with a view to producing structural analogues, by combinato- rial biosynthesis, with potentially novel biological activities which are difficult to produce by traditional synthetic routes (125, 148, 175, 177) .
CLONING AND MOLECULAR ARCHITECTURE OF POLYKETIDE GENE CLUSTERS
The molecular genetics of OTC biosynthesis has been studied intensively by Butler, Binnie, and their collaborators (29, 35) . The entire gene cluster for OTC biosynthesis has been cloned and sequenced from S. rimosus strain 15883 (116), while the otc biosynthetic genes from strain ATCC 10970 were also sequenced recently (239) (GenBank accession number DQ143963). Manipulations of otc biosynthetic genes have led to the biosynthesis of diverse "unnatural" natural products (73, 127, 175, 177, 239) , revealing the potential for manipulation of this type II polyketide system.
Cloning of Tetracycline Resistance Genes
OTC is a bacteriostatic antibiotic that inhibits bacterial growth by reversibly binding to the 30S ribosomal subunit, preventing formation of the amino-acyl tRNA-ribosome complex. Three OTC (otr) genes encoding resistant determinants, designated otrA, otrB, and otrC, have been isolated from S. rimosus. OtrA protects the ribosome from translational arrest by tetracylines (61, 167) . Paralogues are present in other streptomycetes, e.g., Streptomyces lividans (58) , and in tetracyclineresistant clinical infections (encoded by tetO and tetM). These proteins are similar to elongation factors and act by releasing tetracyclines from their inhibitory site on the ribosome (46).
The otrB gene encodes an integral membrane protein that is responsible for efflux of OTC from the cell (151, 167, 198) . A third OTC resistance gene, otrC, has been cloned from S. rimosus, but the mechanism of resistance encoded by this gene has yet to be elucidated (I. S. Hunter, unpublished data).
Transcriptional analysis of otrA revealed two promoters, otrAp 1 and otcCp 1 . During exponential growth, the otrA gene is transcribed as a single cistron from otrAp 1 . At the beginning of the stationary phase of growth and during OTC biosynthesis, the otrAp 1 promoter is silent, and otrA is transcribed as the 3Ј gene of a polycistronic mRNA originating from the otcCp 1 promoter (60, 61, 149) . This arrangement makes good teleological sense, as the otrA gene is always expressed. During exponential growth, the cells would otherwise be susceptible to the action of neighboring cells that are making OTC, whereas during the OTC production phase the continued expression of otrA is ensured, in concert with that of the other production genes. MacGregor-Pryde (137) identified a gene upstream of otrB, otrR, whose product is a putative repressor. Thus, the overall topology of the otrB-otrR region mirrors that found in Tn10, where expression of the tetracycline efflux pump is controlled by a divergent repressor.
Cloning of Genes Involved in OTC Biosynthesis
The major steps in the biosynthesis of tetracycline antibiotics were elucidated in the late 1960s from studies of the CTC producer, S. aureofaciens (145, 146) . OTC is an aromatic polyketide antibiotic composed of a C 19 backbone formed after the sequential condensation of an aminated starter unit, derived from malonamyl-coenzyme A (malonamyl-CoA), to eight acetate extender units derived from malonyl-CoA (218, 219) . The tetracyclic backbone is assembled by a so-called type II polyketide synthase (PKS) (96) , which is a multienzyme complex that catalyzes the iterative assembly of the backbone by a mechanism analogous to bacterial fatty acid biosynthesis. This is then followed by cyclization and modification of the nascent polyketide to give the final OTC product. Molecular genetic analysis of OTC biosynthesis in two S. rimosus strains (M4018 and R6) revealed that the pathway genes are clustered together, covering approximately 30 kb on the chromosome, and are flanked by the resistance genes otrA and otrB (29, 35, 112) . Genetic mapping and cross-feeding studies of the otc mutants initially suggested that there were at least four complementation groups (200) . Subsequently, DNA sequencing of the biosynthetic cluster revealed 23 open reading frames (116) (Fig. 3) .
The gene otcY1-1 encodes a ketoacyl-ACP synthase, otcY1-2 encodes the second component of this heterodimeric condensing enzyme, and otcY1-3 encodes an acyl carrier protein. Although acetate is commonly the starter unit for polyketide biosynthesis catalyzed by type II PKSs, OTC is somewhat unusual in that it has a carboxamido moiety at the starter position. This is assumed to be derived from malonamyl-CoA, which is believed to be incorporated preferentially in the presence of otcY2-3, encoding a CoA ligase homologue that would attach a CoA group to malonamate, and OtcX3, a putative acyltransferase that would load the malonamyl-CoA onto the PKS. The malonamate would be supplied through the action of OtcY1-4, which is an amidotransferase. Zhang and collabora- tors (239) recently proposed a similar but subtly different route that involves direct amidation of malonyl-CoA by OtcY1-4. This work was based on heterologous expression of otc genes in S. coelicolor. They were unable to detect any enhanced incorporation of an amidated starter unit when OtcX3 (the acyltransferase) was coexpressed, but they did not examine OtcY2-3. At present, the reasoning for the involvement of OtcY2-3 is teleological-most type II PKS clusters have no CoA ligase, and hence the former scheme incorporates this function on that basis.
Disruptions of otcD1 (encoding an aromatase/cyclase) resulted in four novel carboxamido-derived polyketides with shorter chain lengths (177) . This provided strong evidence that the carboxamido group was present from the start, rather than the nascent polyketide backbone being amidated later in the biosynthetic scheme. The caboxamido-derived decaketide isolated by Zhang and collaborators (239) by heterologous expression of otcY1-4 reinforces the view that the caboxamido group is present from the outset.
When the nascent polyketide chain is completed, it is subsequently reduced and folded into a tetracyclic structure by the action of the gene products of otcY2-1 (a ketoreductase) and otcD1 (cyclase/aromatase). The folded polyketides then act as substrates for tailoring enzymes (Fig. 4) . These include methylation at C-6 to form the first enzyme-free intermediate, 6-methylpretetramid (6-MPT) (145) . There are three methylation steps in OTC biosynthesis, including C-6 methylation and N-dimethylation of the amino group at C-4. Two gene products, OtcZ and OtcY2-5, are methyltransferase homologues. By studying otc mutants, Rhodes and collaborators (200) initially proposed that otcZ catalyzes C-6 methylation, whereas the otcD region could be involved in the dimethylation step to form 4-aminodedimethylaminoanhydrotetracycline (4-amino-ATC). However, bioinformatic analyses of the DNA sequence for the otc cluster deduced that the second methyltransferase was encoded by otcY2-5.
The predicted amino acid sequence of OtcZ (150) revealed that this protein is similar to bovine hydroxyindole O-methyltransferase (119) and to the carboxy-terminal domain of the TcmN protein (a putative O-methyltransferase) in Streptomyces glaucescens (215) . Since the cosynthesis pattern of the otcZ(151) mutant indicated that it was blocked before C-4 dimethylation of 4-ketodimethylaminoanhydrotetracycline (4-keto-ATC) and after 4-amino-ATC was formed (200) , it had been postulated that OtcZ was involved in 6-methylation of pretetramid (35) . However, an amino acid sequence comparison with OtcZ showed significant homology to the C-4 Nmethylase (ctc-ORF2) of the S. aureofaciens chlortetracycline gene cluster (202) . This gene product is involved in the dimethylation of 4-amino-ATC. There is also high sequence similarity of otcZ to the cts-6 gene, which was isolated by complementation of a mutant which failed to methylate pretetramid at the C-6 position during chlortetracycline biosynthesis in S. aureofaciens (48) . It can be concluded, therefore, that the otcD region was misassigned in the mutagenesis study of Rhodes and collaborators (200) .
Conversion of 6-MPT to 4-hydroxy-6-methylpretetramid (4-hydroxy-6-MPT) occurs through the activity of a specific hydroxylase. In the original mutagenesis studies performed by Rhodes and collaborators at Pfizer, the otcX locus was assigned to this biochemical step (200) . OtcX1 has striking similarity to the S. coelicolor ActVA-ORF2 hydroxylase from the actinorhodin cluster (38, 150) . It is likely that OtcX1 is an ancillary protein in the hydroxylation reaction rather than the catalyst per se. Several other genes for hydroxylase-like proteins have been identified in the otc gene cluster. These include otcC (6-hydroxylase), otcD2, and otcY1-5. It has yet to be established which gene products hydroxylate the substrate at the C-4 position at this point of the biosynthetic scheme and which add a hydroxyl group later at the C-5 position.
Reduction of the hydroxyl group at the C-4 position of 4-hydroxy-6-MPT is controlled by a gene designated otcD3, whose product shows homology to ketoreductases. Amination at C-4 results in the formation of 4-amino-anhydrotetracycline. This step is likely catalyzed by the gene product of otcX2, which has high similarity with aminotransferases. Conversion of 4-amino-ATC to ATC occurs by the introduction of two methyl groups at C-4, most likely by the product of otcZ, as discussed above.
ATC oxygenase catalyzes the hydroxylation of ATC at C-6 in the presence of oxygen and NADPH and results in the formation of 5a,11a-dehydrotetracycline (5-DHTC). The 52-kDa subunit of this enzyme has been purified, and the N-terminal amino acid sequence has been obtained (35) . These data were VOL. 70, 2006 STREPTOMYCES RIMOSUS GENETICS 709 used to design an oligonucleotide probe to isolate the gene from an S. rimosus cosmid library (29) . The oligonucleotide hybridized to the DNA region between otcZ and otcX, locating otcC. The deduced DNA sequence indicates that OtcC belongs to the family of bacterial flavin-type hydroxylases. The otcC promoter is located in the region between otcC and otcX-ORF1.
The otcC transcript appears to be polycistronic and includes the otrA gene. Recently, a recombinant strain of S. rimosus that was disrupted in the genomic copy of otcC was found to synthesize a novel C 17 polyketide. This result indicated that the absence of the otcC gene product significantly affects the ability of the OTC minimal PKS to synthesize a polyketide product of the correct chain length, indicating that OtcC is an essential partner in the quaternary structure of the synthase complex (175). A hydroxyl group is then added at C-5 of 5-DHTC to form 5a,11a-dehydrooxytetracycline (DHOTC). Whether the product of the otcY1-5 or otcD2 gene is involved is discussed above. The last step in OTC biosynthesis involves a dehydrogenase. The enzyme that converts 5-DHTC to TC in S. aureofaciens has been purified (165) , and OtcY2-4 was assigned to this function on the basis of its amino-terminal sequence (217) . After OTC has been formed, it is exported from the cell by OtrB. Located between the otcY1 and otrB genes, otrR encodes a transcriptional regulator that does not resemble typical tetracycline repressors (190) but shows some similarity to socalled multidrug repressors from Escherichia coli. The juxtaposition and divergent transcription of otrR and otrB indicate that OtrR may be the repressor for otrB, but this notion remains to be tested.
Gene Disruptions in the Rimocidin Biosynthetic Gene Cluster
Rimocidin is a polyene antifungal antibiotic produced by S. rimosus (51) . The partial structure of rimocidin was elucidated by Cope and colleagues (47) and by Pandey and Rinehart (170) , although absolute stereochemical assignments of the 28-membered aglycone rimocidinolide came later (209) . Recently, rimocidin production by Streptomyces diastaticus var. 108 was reported; this strain also produces OTC (174) .
The molecular genetics of rimocidin biosynthesis has been investigated independently with both S. rimosus R7 (A. Thamchaipenet, unpublished data) and S. diastaticus var. 108 (203) , with some sequence data already having been deposited (GenBank accession no. AY423269, AY701054, AY442225, and DQ174320). Disruption of rimocidin synthase (RMS) resulted in nonproducing mutants in both S. rimosus R7 (Thamchaipenet, unpublished data) and S. diastaticus var. 108 (203) , validating that the RMS genes are involved in rimocidin biosynthesis.
Deduced polypeptide analysis of the rimocidin gene cluster indicated that it is synthesized by a modular type I PKS system (59), unlike OTC, which is synthesized by a type II PKS. The domains of the rimocidin synthase of S. rimosus strain R7 (Thamchaipenet, unpublished data) (Fig. 5 ) are organized into 14 modules in a linear manner, similar to that of other type I PKSs, and they share common features with other polyene antibiotic gene clusters, as previously described (18) . The chemical structure of rimocidin indicates that the starter unit is butyryl-CoA, which is likely formed by the condensation of two acetyl-CoA units catalyzed by crotonyl-CoA reductase. If acetyl-CoA is incorporated, then the homologous compound CE108 is formed (203) .
S. RIMOSUS GENOME
The first two Streptomyces genomes that were completely sequenced were those of S. coelicolor A3 (2) (26) and Streptomyces avermitilis (118) . They possess linear chromosomes of 8.7 Mb and 9.0 Mb, respectively, and have GϩC contents of 72.1% and 70.7%, respectively. There are about 7,600 proteincoding genes in each species, and at least 30% of the genes in one species do not have a homologue in the other species. In general, the conserved genes are concentrated in the central area of the chromosomes, and the end regions of the chromosomes are less conserved.
Chromosome
The first information about the S. rimosus genome was obtained using DNA renaturation kinetics (24) and compared S. coelicolor A3 (2) the strains used, with estimates varying between 1.5-and 3-fold larger than the size of E. coli. The very high GϩC contents of these species might be expected to lead to underestimations of genome size because of faster reannealing than that for lower-GϩC-content DNA of the same complexity or because of the presence of repetitive DNA, which in several species seems to account for up to 10% of the genome. However, neither S. rimosus R7 (24) nor S. rimosus NRRL 2455 (221) showed any detectable repetitive DNA in renaturation analysis.
Most recent work on genome size and structure has used S. rimosus R6 (the Zagreb strain). Pulsed-field gel electrophoresis (PFGE) was used to construct a restriction map of the chromosome of strain R6-501 (Fig. 6 ) for the rarely cutting enzymes AseI and DraI (172) . The map is linear, like those of other Streptomyces species. The total chromosome size was estimated to be 8 Mb, similar to that of S. coelicolor A3(2). This would correspond to a true size of about 8.6 Mb (81) because the Saccharomyces cerevisiae chromosome markers used underestimate the sizes of high-GϩC-content fragments. The ends of the chromosome are inverted repeats of about 550 kb. The chromosome end (GenBank accession number AY043328) resembles that of other Streptomyces species (113), with several inverted repeats in a region of about 200 bp. The dnaA gene is located in the AseI C2 fragment, which means that the replication origin is at least 0.5 Mb from the center of the chromosome and is not as centrally located as that in S. coelicolor A3(2). However, the dnaA gene of S. avermitilis is also displaced about 0.8 Mb from the center of the chromosome. Only a small number of other genes (recA, rRNA operons, and att-pSAM2) have been localized in the chromosome of S. rimosus. It is interesting that their positions differ significantly from those of their homologues in S. coelicolor A3(2). However, too few data are available to conclude that S. rimosus possesses a chromosomal organization radically different from that of the two sequenced species, S. coelicolor A3(2) and S. avermitilis, which show a high degree of conservation of gene order (118) .
AseI and DraI digests of DNA from strain S. rimosus R7 were very similar to those of DNA from R6 (172). The major difference was that there were additional sequences at one chromosome end of R7 instead of the long inverted repeat in R6 (171) . This suggests that the ancestor of strain R6 was very similar to R7 and that the long terminal inverted repeats were created by a relatively recent recombination event. Such events have been observed in Streptomyces ambofaciens (69, 234) .
Plasmids
Plasmids are common in Streptomyces species, and a wide range of sizes and copy numbers have been observed. Both circular and linear plasmids are known. Apart from some cases of antibiotic biosynthesis gene clusters being carried on plasmids (161), there are relatively few well-documented phenotypic properties encoded by plasmids (25) . Many plasmids are conjugative. Often, conjugation on solid medium is accompanied by the phenomenon of lethal zygosis and by pock formation, where areas of mycelium that are acting as recipients in conjugation show delayed sporulation and can be recognized on agar medium (see reference 101 and references therein).
The first physical evidence of a naturally occurring plasmid in S. rimosus (Actinomyces rimosus 907) was published by
Stepnov and collaborators (212) . A circular DNA molecule of 55 kb was detected in crude DNA preparations. Total DNA was analyzed electrophoretically in an agarose gel, followed by electron microscopic analysis of DNA isolated from the gel. Although attempts to isolate covalently closed circular DNA from S. rimosus RCC by CsCl-ethidium bromide density gradient centrifugation were unsuccessful, Chardon-Loriaux and collaborators (41) succeeded in detecting and purifying extrachromosomal DNA by agarose gel electrophoresis and electroelution. Electron microscopy did not show any circular molecules. This was in agreement with the results of restriction mapping showing a linear plasmid DNA molecule of about 43 kb. The plasmid, named pSRM, exhibited the lethal zygosis phenomenon. Most of the work on S. rimosus plasmids has used S. rimosus R6. R6-501, the strain used to construct the chromosomal restriction map, did not carry any detectable circular plasmids but had a 387-kb linear plasmid, pPZG101 (81) . The pPZG101 plasmid has a unique central region of about 30 kb flanked by inverted repeats of about 180 kb (173) . Strain R6-65, which is an ancestor of R6-501, carries a smaller linear plasmid of about 310 kb, pPZG102, which does not have extensive inverted repeats. One end of pPZG102 seems identical to the inverted repeat of pPZG101. This suggests that pPZG101 was derived on November 1, 2017 by guest http://mmbr.asm.org/ from pPZG102 by a recombination event between copies of the plasmid in inverted orientation to generate the long inverted repeats. Curing of pPZG101 has been observed. When 17 auxotrophic mutant strains were analyzed, 5 no longer carried free plasmid and 2 showed no hybridization to pPZG101. The other three strains had integrated parts of the plasmid into the chromosome, indicating that there are frequent interactions between the plasmid and the chromosome. During the study of genetic instability in S. rimosus R6 (see below), a mutant was isolated that overproduced oxytetracycline. This mutant (MV17) proved to carry a 1-Mb linear plasmid, pPZG103, derived from pPZG101 and carrying the otc cluster (173) . The chromosome had a parental structure, so there was an increased copy number of the otc cluster due to the extra copy on the plasmid. pPZG103 arose from a crossover between pPZG101 and the chromosome, such that about 200 kb at one end is derived from pPZG101 and the other 800 kb is the chromosomal terminal sequence. A second mutant derived in the study (MV25) proved to have replaced a chromosome end with one end of plasmid pPZG101; the details of this mutant are discussed below. Classical genetic analysis by the Pfizer group with strain M4018 (derived from S. rimosus R7) defined plasmid SRP2 and found a derivative, SRP2Ј, which carries the otc cluster. PFGE analysis showed that S. rimosus R7 carries a 310-kb plasmid with a restriction pattern very similar to that of pPZG102 from S. rimosus R6-65. The SRP2Ј-carrying strain had replaced the original linear plasmid of about 310 kb with a much larger one, of about 950 kb, suggesting that an event similar to that observed for S. rimosus R6 had occurred (81) .
Prophages
For more than 50 years, it has been known that phages can attack streptomycetes, but they did not attract much attention until their undesirable interference with industrial fermentations was recognized (134, 233) . Although problems in fermentations tend to be associated with virulent phages, the study of temperate phages is also important for industrial strains. On the one hand, the lysogenic status of a strain might affect its susceptibility to infections during fermentation, and on the other hand, the presence of a prophage might affect antibiotic yields. Although phage-like particles in lysogenic cultures may be characterized by electron microscopy, an effective study of lysogenic phages is dependent on a suitable host strain for growth and plaque formation. Lysogens show superinfection immunity, so a strain without prophage is necessary for plaque formation. In some cases, such as ⌽C31 of S. lividans (134) , the phage has a broad host range and can be grown on many species of Streptomyces. If the phage has a narrow host range, it will probably be necessary to isolate a cured derivative of the host strain, which usually involves a good portion of serendipity.
Hranueli and collaborators (104, 106, 107) detected and isolated free phage particles from a liquid culture of S. rimosus R7. The phage, designated RP2, appeared to be a typical temperate DNA phage producing turbid plaques in lawns of sensitive S. rimosus R6 cells. The actinophage RP2 has a very narrow host range restricted to S. rimosus strains. Later work (193) showed that S. rimosus R6 is usually lysogenic for RP2 but that the strain used in these experiments had been spontaneously cured of its prophage. Its tadpole-shaped morphology and double-stranded DNA content place RP2 in group B1 (Fig. 7A ) of the bacteriophage classification system (1). Although the latent period of actinophage-actinomycete systems is usually long, RP2-with its 6-h latent period-is the slowestmultiplying actinophage described so far (see Table 1 in reference 134). The lysogenic nature of RP2 was established on the basis of the following criteria: (i) a low spontaneous lysis frequency of 2 ϫ 10 Ϫ6 per cell, (ii) resistance to curing with actinophage-specific antiserum, (iii) a low spontaneous curing frequency of Ͻ0.05%, and (iv) immunity to superinfection with the homologous phage. Treatment with UV light and other agents did not lead to induction of the prophage. Clear plaque mutants of RP2, which failed to lysogenize sensitive cultures, arose at a frequency of about 2 ϫ 10 Ϫ5 per phage particle (104, 106, 107) . However, no virulent mutants that could infect lysogenic strains were observed, probably because multiple mutations would be necessary. After mutagenic treatment of a lysogenic strain with MNNG, two classes of mutants were isolated that no longer produced actinophage. Mutants belonging to the first class were phage sensitive and probably cured of the prophage, whereas those of the second class retained immunity to superinfection and presumably carried defective RP2 prophage. Lysogeny with RP2 did not affect OTC production.
A second prophage, RP3 (Fig. 7B) , was found fortuitously during transfection experiments with temperate Streptomyces phages. S. rimosus R6 protoplasts were used as recipients for phage DNA, and protoplasts of the auxotrophic mutant strain S. rimosus R6-554 were used to form a lawn of indicator cells to yield plaques arising from transfection. There was a large excess of plaque formation (193) , which turned out to be due to phage RP3 being released from the lysogenic recipient strain. Strain R6-554 had been cured of RP3, presumably during the mutagenic treatment. Otherwise, RP3 was present as an integrated prophage in the chromosomes of both S. rimosus R6 and S. rimosus R7. RP3 showed typical properties of a lysogenic phage, including (i) production of turbid plaques on a lawn of sensitive S. rimosus R6-554 cells, (ii) lysogeny of sensitive cells, (iii) spontaneous induction of the prophage in lysogenized cells, and (iv) immunity of lysogenic cells to superinfection with the homologous phage. The actinophages RP2 and RP3 are heteroimmune. A defective prophage was also described for S. rimosus ATCC 10970 (226) . However, if it was a narrow-host-range phage such as RP2 and RP3, its apparently defective nature might indicate only the absence of an appropriate host strain.
The RP2 and RP3 phages contain linear double-stranded DNA molecules of 64.7 kb and 62.4 kb, respectively, which have been mapped by restriction enzyme digestion (193) . They have a GϩC content of about 70%, which is indistinguishable from that of the chromosome. The DNA molecules of both phages have cohesive ends, suggesting site-specific staggered cutting of concatameric DNA resulting from rolling circle replication (42) . The two phages show hardly any cross-hybridization, implying that they are not closely related. Both phages integrate into the chromosome by using specific attachment sites that have been located in the restriction maps of the phages. The positions of the integrated prophages were also localized on the chromosomal restriction map (172) . DNA from RP3 was used to generate ladders of concatemers suitable for use as high-GϩC-content markers for PFGE (81) .
Genetic Instability
Genetic instability is common in Streptomyces species (227, 234) . The instability affects only certain genes, and the genes affected differ between species. Characteristics that are commonly affected include antibiotic production and resistance, sporulation, pigmentation, and colony morphology. Genetic instability has been studied in detail for the oxytetracycline production strain S. rimosus R6-500 (80) . When mycelial fragments were plated, 1 to 3% of colonies showed variant morphology. However, when spores were plated, there was extreme instability, with up to 80% of colonies being variants. The variants were very heterogeneous, being affected to various degrees in sporulation, pigmentation, colony morphology, oxytetracycline production, and oxytetracycline resistance. The parent strain does not sporulate very prolifically, and colonies have a characteristic Kuglof morphology and produce a dark brown pigment. Many variants show little or no sporulation, and the Kuglof colony morphology is also often lost. Oxytetracycline production levels correlate well with pigmentation. Many variants have a greatly reduced production of oxytetracycline and pigment. The most useful character for classifying variants proved to be resistance to oxytetracyline: class I variants have unchanged resistance levels compared to the parent strain, class II variants are sensitive to oxytetracycline, and class III variants have more resistance than the parent strain. Class I variants account for about 99% of the total and are very heterogeneous. Most do not sporulate, and many have low production levels. These variants can cause problems during commercial production because they can outgrow the parent (80, 110) . Representative class I variants were analyzed by PFGE, but no changes were found. Class II mutants are sensitive to oxytetracycline. They account for about 1% of variants and have uniform properties, being nonpigmented and showing reduced sporulation. PFGE analysis (80, 172) showed that they have a deletion of one chromosome end, including the otc gene cluster, which lies about 600 kb from the end (Fig. 6) . The sensitivity to oxytetracycline was explained by the fact that resistance genes flank the otc cluster (116) . Initial attempts to define the extent of the deletion in class II mutants and to explain the origin of the 340-kb AseI junction fragment present in class II mutants were unsuccessful. However, further analysis suggested that class II mutants had undergone a fusion of two inverted copies of the chromosome, with deletion of terminal sequences, including the otc cluster (Fig. 8) (55) . Similar mutants have been characterized for S. ambofaciens (234) . Chromosome behavior and genetic structure suggest that this could represent an earlier state in the evolution of diploidy, perhaps found in the ancestors of modern Streptomyces spp. This departs from most theories of the origin of eukaryosis that suggest that such chromosome behavior occurred first in the haploid condition, followed by diploidy; clearly, this is an issue that warrants closer scrutiny (109) .
Careful analysis of class II mutants revealed some more puzzling properties. Initial measurements indicated that, as expected, deletion of the otc cluster resulted in a loss of OTC production (80) . However, more-sensitive methods showed that there was still a residual production of about 0.1 g/ml, compared to 10 mg/ml in the parent strain (112) . Furthermore, there appeared to be rare reversion events that restored OTC resistance and production. PFGE analysis of the revertants (55) showed that some of them had a chromosome structure like that of the parent. Thus, although unlikely, contamination with the parent strain could not be excluded. The other revertants showed a novel PFGE pattern (although they were clearly S. rimosus strains) which could not be explained by contamination. It was suggested that the "deleted" sequences might still be present at a low copy number in the mycelia of class II variants, and it was possible to detect the otcC gene at a copy number of about 0.1% using real-time PCR. Similar low-copy-number retention of "deleted" terminal sequences was also observed in S. lividans 66. It seems surprising that such low-copy-number sequences are stably retained during strain propagation and storage. In the case of S. lividans, the strains still sporulated, albeit with the production of fewer spores, and it was shown that the "deleted" sequences were present at a much higher copy number in DNA preparations from spores than in mycelial DNA preparations. It was therefore suggested that the terminal sequences might be segregated preferentially into aerial mycelia and spores (55) . Class III mutants show increased oxytetracycline resistance and production and form a phenotypically homogeneous class. They were analyzed by PFGE, and most showed identical restriction patterns. A 200-kb DNA fragment including the otc cluster was amplified in three or four tandem copies, and the distal chromosomal sequences had been lost. This structure resembles those seen in other species, such as S. lividans 66 (192) , with reiteration of a DNA fragment and loss of the distal sequences.
However, in most other cases, the size of the reiterated sequence is much smaller (e.g., 5.7 kb in S. lividans) and the degree of amplication is much higher (e.g., Ͼ100 copies). The increased copy number of the otc cluster accounts for the increased resistance and production. The chromosomal sequences distal to the amplified sequence have been lost, and the structure of the chromosome end in class III mutants is not clear. It is possible that dynamic amplification compensates for the loss of sequences upon chromosomal replication. In one case (mutant MV25), chromosomal amplification was accompanied by recombination with the linear plasmid pPZG101 such that a plasmid end had replaced the chromosome end distal to the reiterated otc region. In MV25, the number of reiterated copies of the otc region differed between members of the population, and there were also members of the population that had lost all copies of the OTC region, resulting in a sensitive nonproducing phenotype. As mentioned above, there was another class III mutant (MV17), which carried an extra copy of the otc cluster on the linear plasmid. The use of class III strains to achieve increased production might seem attractive, but they are subject to an increased frequency of genetic instability to produce class I variants, which eliminates the advantages of increased production.
Many streptomycetes that are currently used for industrialscale antibiotic production have probably acquired amplified DNA sequences in their genomes as a result of repeated cycles of strain selection. In many instances, fortuitously amplified sequences will be present, but in some cases the DNA amplification may play a direct role in hyperproduction of a particular product. The role of amplification in hyperproduction of an alpha-amylase inhibitor by a strain of Streptomyces tendae has been well established, and it may also account for oleandomycin hyperproduction by a strain of Streptomyces antibioticus (see reference 238 and references therein). However, genetic instability can also be a serious problem in industrial production processes. It is well known that industrial strains are susceptible to degeneration (i.e., an irreversible loss of favored characteristics), which is undoubtedly-at least in part-a phenotypic consequence of genetic instability. For example, among others, S. aureofaciens (produces CTC) and S. rimosus (produces OTC) are commercially important species that are subject to genetic instability (95, 168) . It is not surprising, therefore, that the molecular mechanisms responsible for such genetic instabilities have attracted considerable attention.
In their studies, Danilenko and collaborators (50, 66, 188 ) have shown that a kanamycin resistance (Km r ) gene of S. rimosus ATCC 10970 is located on a 15.6-kb amplified unit of DNA (AUD). In S. rimosus ATCC 10970 variants (e.g., P3), this AUD could undergo up to 300-fold amplification after serial subculturing on media containing increasing concentrations of the antibiotic, resulting in increased activity of the encoded aminoglycoside phosphotransferase enzyme. The Km r gene was cloned as a 9.5-kb PstI fragment from a 15.6-kb AUD into S. lividans, using the plasmid vector SLP1.2. The recombinant plasmid also underwent amplification in response to the same selection pressure in S. lividans. However, it was not completely clear whether the plasmids studied integrated into the chromosome of S. lividans, because the SLP1.2 vector on which they were based apparently had lost the sequences that normally promote integration in this organism (169) . The Km r fragment from S. rimosus P3 might conceivably promote chromosomal integration of the plasmids, or alternatively, they may simply exist as very large plasmid multimers that could have escaped detection because of their sensitivity to shearing during DNA preparation procedures. Regarding the mechanism, this approach could prove useful for constructing stable highly expressing clones in which foreign DNA fragments could be cloned and coamplified together with plasmids derived in such a way (49, 211) . The activity of the Km r enzyme is controlled by at least two different serine/threonine protein kinases (66) , but it is unknown whether changes in the expression of protein kinases play a role in genetic instability.
tRNA, rRNA, AND GENE EXPRESSION IN S. RIMOSUS
The first report on the initiator tRNA genes from S. rimosus appeared in 1987 (74), describing two genes that encode tRNA fMet , with each differing from the previously published S. griseus tRNA fMet gene (128) by one nucleotide. One of these had an invalid G 53 -T 61 base pairing, which raises the question of whether it could in fact be a pseudogene. The other gene possessed an unusual G 30 -T 40 base pairing. The presence of this C-U mismatch in the first base pair of the aminoacyl stem and the absence of a CCA end were found in mature S. rimosus initiator tRNA, indicating that this pairing might be a general characteristic of Streptomyces. This idea was further supported by Plohl and Gamulin (185) , who reported the cloning of an S. rimosus DNA fragment containing five tRNA genes lacking CCA termini. Two tRNA on November 1, 2017 by guest http://mmbr.asm.org/ aminoacyl stem and three identical tRNA Glu genes were arranged in the order Gln1-Glu1-Glu2-Gln2-Glu3 and separated by short, nonhomologous intergenic regions. Interestingly, only one of the S. rimosus tRNA fMet genes carried a potential promoter sequence (TTGCGC-18 bp-TAGACT) at the 5Ј-flanking region (185) . Southern hybridization analyses of S. rimosus genomic DNA with 32 P-labeled total tRNAs or DNA fragments containing Gln-Glu have shown that the cluster organization of S. rimosus tRNA genes is not typical for gram-positive bacteria (185) , with the cluster of five Glu-Gln genes in S. rimosus representing one of the largest clusters of tRNA genes. Analysis of the association between tRNA genes and rRNA genes in Streptomyces revealed a striking paradigm, with no tRNAs so far found to be associated with any rRNA operons. Sedlmeier and collaborators (204) proposed that the lack of tRNA genes with rRNA genes might be characteristic for all actinomycetes. Based on the first reports that initiator tRNAs from Streptomyces griseus and S. rimosus lack CCA ends (74, 128) and on later publications indicating that potential tRNA Pro , tRNA Thr , and tRNA Tyr genes associated with site-specific recombination in Streptomyces also lack CCA termini (132, 143, 197) , Plohl and Gamulin (185) predicted that most, if not all, tRNA genes in S. rimosus do not encode a CCA terminus. At present, this prediction is still valid and in agreement with current analyses of the tRNA genes based on genome sequencing data.
A study of rRNA operons in S. rimosus was initiated by Plohl and Gamulin (186) . Six rRNA operons were defined by Southern blot hybridization, with the rRNA genes in the operons separated by short intergenic regions and organized in the order 16S-23S-5S. Again, the tRNA genes were not found in association with any rRNA operons. The sequence of the 3Ј end of the rRNA operon (rrnF) with the whole 5S rRNA gene was characterized (186) . The gene is 120 bp long and differs at two positions from the S. ambofaciens 5S rRNA gene (176) . The 3Ј end (ϳ450 bp) of the 23S rRNA gene and a spacer between the 23S and 5S rRNA genes are located upstream of the 5S rRNA gene on the same cloned fragment. This DNA fragment also shows high homology with the S. ambofaciens 23S rRNA gene. Remarkable sequence homology was also found with the S. ambofaciens rrnD operon in the 3Ј-noncoding regions, including the first termination signal. The S. rimosus rrnF operon contains a second putative terminator which is absent from the S. ambofaciens rrnD operon. The GϩC content was 60%, which is much lower than the average, and the 23S-5S rRNA gene spacer was only 48.6% GϩC. The whole S. rimosus operon was then sequenced and analyzed by Pujić and collaborators (189) . The predicted order of the genes is 16S-23S-5S, and the genes are 1,529, 3,121, and 120 nucleotides long, respectively. Homology between rRNA genes from other streptomycetes is in the range of 95% for all three genes and at least 70% for known intergenic regions of Streptomyces rRNA operons.
Evidence for the distribution of the rRNA operons and one tRNA gene was obtained following physical mapping of these genes. In S. rimosus, the rrn operons are located in the central region of the chromosome, with no operon located within 2,755 kb and 3,095 kb of the respective ends of the arms (172) . Conversely, in S. coelicolor A3(2), ribosomal operons rrnC and rrnE are located about 1.4 Mb and 2.1 Mb from the chromosome ends (196) . Physical mapping showed that all rRNA genes could be located on four AseI and DraI fragments (172) . In S. rimosus, the tRNA Pro attachment site for pSAM2 (143) is located 1.8 Mb from the chromosome end, while in S. coelicolor A3 (2) it is near the center of the chromosome (172) . In general, comparison of these and other gene markers with the map of S. coelicolor A3(2) has suggested clear differences in genome organization between the two species (172), a point worthy of further investigation, possibly through whole-genome sequencing efforts with S. rimosus in the future.
Regulatory sequences for transcription in S. rimosus have been poorly investigated. The first extensive analysis of the DNA fragments associated with apparent Streptomyces transcriptional start sites (213) showed a wide range of sequence diversity. Only about 20% appeared to belong to a group similar to that recognized by eubacterial RNA polymerases containing sigma 70-like subunits. These promoters, designated SEPs (Streptomyces-E. coli-type promoters), contain Ϫ35 and Ϫ10 regions with a spacing of 16 to 18 bp between the two sequences (121) and are typically associated with housekeeping genes (44) . In S. rimosus, there are well-studied promoters for the otcC and otcX genes associated with OTC biosynthesis (149) . Both promoters contain sequences that are similar to the consensus Ϫ10 and Ϫ35 regions of the major eubacterial and SEP-like promoters.
The expression of seven previously cloned tRNA genes from S. rimosus (74, 185) was studied by deletion experiments and Northern blot hybridization. It was demonstrated that the clusters encoding tRNA Gln and tRNA Glu were transcriptionally active in homologous systems and an E. coli heterologous system. All genes in the cluster were cotranscribed as one transcriptional unit from the same promoter, located 140 to 65 bp upstream of the first gene. The sequence TTGGAC-17 bp-TAATGT, resembling an SEP, was also located in this region. Two tRNA fMet genes from S. rimosus, however, were found to be transcriptionally active only in a homologous system, indicating that they have significantly different promoters which do not function in E. coli (65) .
One of the six S. rimosus ribosomal operons, rrnF, has been completely sequenced and analyzed in detail (189) . Only one putative promoter for this operon (P4) was identified by sequence similarity in a DNA region upstream from the start of the 16S rRNA gene. The same Ϫ10 box (TAGAGT) was found in numerous promoters of rRNA operons in different Streptomyces spp. (127, 176, 224, 237) , while the Ϫ35 regions varied considerably. A 21-bp sequence defined as an rRNA processing site was found downstream from the P4 promoter of S. rimosus rrnF. This sequence is also found in front of all Streptomyces rRNA operons studied to date (176, 231) . Two more DNA fragments corresponding to upstream regions of two S. rimosus 16S rRNA operons were also cloned and analyzed (189) . In the first sequence (type I), four putative promoters (P1 to P4) were identified. The second DNA fragment (type II) seemed to be a deletion derivative of the type I fragment and lacked the DNA region carrying the P2 and P3 promoters. Aside from the internal deletion, the upstream regions of the fragments are highly homologous to the upstream region of the previously described rrnF operon, starting from the P4 promoter. The putative Ϫ10 boxes of the P1 to P4 promoters of S. rimosus rRNA operons were compared with all experimentally identified or proposed promoters of Streptomyces rRNA operons. The results indicated that these sequences are conserved among all the species examined to date. In the case of the P2 and P4 promoters, sequence identity extended for several nucleotides on both sides of the Ϫ10 box. Based on the results of hybridization experiments (189), a general scheme was proposed for the transcription of all six rRNA operons in S. rimosus, with three rRNA operons under the control of four promoters (P1 to P4), two operons expressed from two promoters (P1 and P4), and only the rrnF operon expressed from one promoter, P4, which is the most proximal promoter common to all six S. rimosus rRNA operons. Two transcription start sites were identified during study of the transcription of the S. rimosus recA gene by primer extension analysis (2) . The longer of the two transcripts is initiated from a distal SEP-like promoter (TTGACA-18 bp-TCTTAT) that contains a Cheo box-like sequence (GAAC-N 4 -ATTC). The major transcript is initiated at position Ϫ36 and increases significantly in response to DNA damage. Ahel and collaborators (2) proposed a Ϫ35 box (TTGTCA) and Ϫ10 box (TAGCGT) that are only 11 bp apart. They noticed that regulatory sequences of this putative promoter and a part of the spacer region are almost identical to those of the DNA damage-inducible promoter of the Mycobacterium tuberculosis recA gene (162) , which has been well characterized (76) . This sequence is perfectly conserved in all four recA genes analyzed from Streptomyces to date (4, 153, 166, 236) . A recent analysis of S. rimosus showed a significant increase in transcription from the proximal promoter of the recA gene in the presence of a RecA protein that lacks 21 amino acids from the C terminus. This up-regulation, albeit less dramatic, was also observed in S. lividans, suggesting the presence of a similar regulation mechanism for the expression of recA in other streptomycetes (3) . Inspection of the S. coelicolor genome sequence identified the presence of this type of promoter in the upstream regions of many potentially UV-inducible genes and some other genes/open reading frames. A consensus sequence for this proposed Streptomyces promoter is TTGTCAGTGGC-N 6 -TAGGGT.
SYSTEMS FOR PROMOTING GENE EXCHANGE AND CHROMOSOMAL LINKAGE MAPPING
Systems for the transfer of genetic material are a prerequisite for any form of in vivo or in vitro genetic recombination. These systems allow genetic analysis, such as determinations of the locations of structural genes or regulatory regions on a chromosome, extrachromosomal genetic elements, or a fragment of chromosomal or extrachromosomal DNA. Such experimental approaches can then be used for genetic or physical mapping of mutant sites within genes or for carrying out dominance or complementation tests, which are powerful indicators of the nature of genetic controls. Moreover, these systems can also be used in strain-breeding programs, followed by screening and/or selection. Systems promoting gene exchange in Streptomyces species have been well reviewed in recent years (97) .
Systems Promoting Gene Exchange
The natural transfer of genetic material by conjugation in Streptomyces was first demonstrated independently by Sermonti and Spada-Sermonti (207) and by Hopwood (87) , with two different strains of S. coelicolor. Chromosome mobilization during conjugation has been demonstrated for more than 20 Streptomyces species (199) . In S. coelicolor A3 (2), nearly all conjugation can be ascribed to the linear plasmid SCP1 and the circular plasmid SCP2. More than 10 plasmids have now been shown to promote chromosomal recombination in various species, with the majority of these existing as covalently closed circular DNA (101) . However, only in S. lividans 66, S. coelicolor A3(2), Saccharopolyspora erythraea (57), and S. rimosus M4018 could the recombination observed upon mating be attributed to a particular fertility plasmid present in one or both parents. A self-transmissible plasmid (SRP1) was shown to determine most of the genetic recombination which occurs between marked derivatives of the Pfizer strain (72) . In contrast to the SCP1 and SCP2 plasmids of S. coelicolor, which have very high transfer rates in conjugation experiments (see reference 101 and references therein), SRP1 has a very low transfer rate due to a second plasmid, SRP2. No DNA species corresponding to SRP1 have been detected in S. rimosus strains. An SRP2Ј plasmid carrying a chromosomal OTC resistance gene was reported for the Pfizer strain (201) . Analysis of this strain showed that SRP2Ј was derived from a 310-kb linear plasmid, which presumably corresponds to SRP2 (81) .
The crossing techniques used to establish conjugation in S. rimosus were adapted from those developed for S. coelicolor A3(2) and were described in detail by Hopwood (92) and Sermonti (205) . These methods use spore suspensions, but the Zagreb strain (S. rimosus R6) does not sporulate well. This led to the use of modified methods based on mycelia, including a mixed-culture method (6, 10, 13, 16, 71, 180, 200) and matings on cellophane membranes (6, 10) .
Based on protoplast fusion techniques developed for S. coelicolor (100), chromosomal linkage mapping for S. rimosus has also been possible. The analysis of linkage after protoplast fusion is essentially identical to that of linkage after conjugation, but treatment of S. rimosus protoplasts with 40% (wt/vol) polyethylene glycol 1550 for 30 min increases the frequency of recombination 2 to 3 orders of magnitude compared to that for conjugation, and therefore recombination is not so dependent on the plasmid compositions of the two parent strains (108) .
Chromosomal Linkage Mapping
The development of genetic analysis of the model actinomycete S. coelicolor A3(2) has been well recorded in a number of papers (88-93, 99, 206) and has now been applied to many Streptomyces strains of industrial interest. The analysis of genetic crosses in Streptomyces species differs fundamentally from that of the Hfr system in E. coli. In E. coli, there is usually transfer only of short segments of the chromosome, with a high recombination rate. There is therefore no detectable linkage between most gene pairs, and methods such as measuring the time of entry of markers in interrupted matings must be used. In contrast, Streptomyces strains transfer large DNA segments and have a low recombination rate, allowing detection of link-ages between markers that are half a chromosome apart. Genetic maps of Streptomyces chromosomes are circular, based upon the generation of recombinants arising from an even number of crossover events. Usually, recombinants are selected with two of the markers in the cross and are tested for the other markers. In order to locate unknown markers in the map, the number of crossovers needed to generate each recombinant class observed can be calculated under the assumption that the unknown markers are located in each of the intervals between known markers. It was found that the correct interval requires the assumption of a small number of higherorder crossover events (fourfold, sixfold, etc.), whereas other intervals would require many more such events. This process is tedious and error prone, so Alačević and collaborators (9) introduced a computer-assisted approach to the processing of data. The mapping method gives information about gene order in the chromosome but does not give genetic distances.
These analysis methods were used to construct a genetic map of Pfizer strain M4018 for 24 genetic markers (71) . When crosses were carried out, there was frequent recovery of apparent recombinants that segregated parental genotypes; these were deduced to be heterokaryons. This phenomenon was not observed with S. coelicolor A3(2).
A genetic linkage map was also constructed for S. rimosus ATCC 10970 (strain R7) (6, 10) . For this strain, many of the recombinants were heteroclones. Heteroclones, which are also observed in S. coelicolor A3(2), are relatively stable partial diploids that eventually segregate haploid progeny. The frequency of inclusion of any locus in the diploid region depends on its location relative to the selected markers (102), which can be used for construction of a map. Analysis of the frequencies of different classes of haploid segregants from heteroclones allows the estimation of linkage distances between genes. Similar to the case for eukaryotic genetic maps based on meiosis, the unit of distance is the centimorgan (cM), i.e., the percentage of progeny that have undergone a crossover in the region between two genes. This analysis generated a circular map (Fig. 9 ) with a length of 130 to 150 cM for S. rimosus R7. The map substantially agrees with that of S. rimosus M4018. However, without a biochemical characterization of most markers used, it could not be assumed that the same genes were always being compared in the two strains.
Protoplast fusion was also used for mapping of S. rimosus R7 (108). A map was constructed for six loci by minimizing the multiple crossover classes. This map was in perfect agreement with the results from conjugation experiments.
The chromosomal linkage maps for S. rimosus, like those for other Streptomyces species, are indisputably circular, whereas the chromosomes are clearly linear DNA molecules. The linkage across the chromosome ends would be explained most easily by association of the terminal proteins, but there is no experimental evidence available. In crosses between the two closely related strains S. coelicolor A3(2) and S. lividans, it was shown that nearly all recombinants carried two chromosome ends derived from one parent (230) .
Mutants blocked in OTC production were isolated from S. rimosus LS-T 118 (32), S. rimosus R6 (180), and S. rimosus M4018 (200) . The mutants were placed into cosynthesis groups. The seven mutants of S. rimosus R6, which all belonged to different cosynthesis groups, had mutations that mapped to one chromosomal region in the chromosomal genetic map (Fig. 9) , whereas the other two groups had mutants blocked in two different chromosomal regions. A single 34-kb DNA segment allowed heterologous expression of OTC biosynthesis in S. lividans (29) , showing the presence of a single OTC cluster. Cross-feeding experiments (200) showed that some of the mutants in the second region (csf mutants) were defective in the synthesis of an essential flavin cofactor, cosynthesis factor 1 (146, 147, 154) .
S. rimosus as a Host-Vector System
Introduction of DNA into S. rimosus. Protoplast transformation using polyethylene glycol was the first method described for introducing DNA into Streptomyces strains (28) and is still the most widely used method. The optimal conditions are strain specific, and transformation systems have been developed for the Zagreb and Pfizer S. rimosus strains (108, 114, 183) . A comparative study of protoplast preparation and regeneration in S. rimosus (Fig. 10) and S. lividans (105) examined the morphology of protoplasts and showed that with the same amount of mycelium, one can prepare 2 to 3 times more protoplasts from S. rimosus than from S. lividans, and that the efficiency of regeneration of S. rimosus protoplasts is some 10 to 20 times greater than that obtained with S. lividans.
The Pfizer strain showed a restriction barrier (114) against DNA derived from E. coli that caused a transformation fre- on November 1, 2017 by guest http://mmbr.asm.org/ quency 10 3 to 10 4 lower than that for DNA derived from S. rimosus. A restriction-deficient mutant was isolated (115) which allowed efficient transformation. It was subsequently shown that the Pfizer strain possesses a methyl-dependent restriction system (Hunter, unpublished data), so efficient transformation can be achieved by using DNA from an E. coli dcm mutant (138) . S. rimosus R6 did not show any restriction against DNA derived from E. coli.
An electroporation procedure was developed for S. rimosus mycelium (181) which gave efficiencies similar to those observed for protoplast transformation (10 6 transformants/g plasmid DNA). Although efficient electroporation has been reported for some other Streptomyces species (144), the method does not give good results for many strains; it is likely that the dispersed growth of S. rimosus strains makes them particularly amenable to this convenient method of introducing DNA, which avoids the complications of protoplast formation and regeneration.
A system was developed for conjugational transfer from E. coli to Streptomyces species (142) , and efficient transfer to Streptomyces species with methyl-dependent restriction systems was also reported (70) . This method has been adapted successfully for S. rimosus. Because of poor sporulation, it was necessary to preincubate mycelia at 30°C for 24 h in order to achieve a high efficiency of conjugation (Thamchaipenet, unpublished data) .
Vectors for S. rimosus. S. rimosus strains can be transformed using broad-host-range plasmid vectors based on pIJ101 (126) and SCP2* (136) . The plasmid vector pIJ303, a thiostreptonresistant derivative of pIJ101, transformed S. rimosus R7. Plasmid pIJ101 is a conjugative plasmid, and therefore transformants have a pock phenotype akin to lethal zygosis (126) due to growth retardation as the plasmid is transferred to the plasmid-free cells in the untransformed lawn. However, no pock phenotype was observed with such pIJ303 transformants, but isolation of the plasmid from these recombinants and retransformation into S. lividans showed that the plasmid was still capable of conferring this phenotype. When pIJ303 was introduced into the Pfizer M4018 lineage, only deletion derivatives of the plasmid were obtained. These were linearly permuted, but all had lost the BglII site of pIJ303. Three different deletion versions were analyzed in more detail. The plasmid vector pPFZ12 (37) was selected as the progenitor vector for plasmid development at Pfizer, based on its relatively small size (6.2 kb) and the fact that it was nonconjugative, increasing the safety factor of recombinants that might be grown at fermentation plant scale. The bifunctional cosmid pPZ74 contains a pIJ101-derived replication origin for Streptomyces and a colE1-derived origin for E. coli as well as cos sites from phage for in vitro packaging (40) . Cosmid pPZ74 confers resistance to tetracycline and chloramphenicol in E. coli and resistance to thiostrepton in Streptomyces. The cosmid was used to construct a genomic bank of the Pfizer strain. Colony hybridization of a primary bank of E. coli with two distinct DNA probes showed positive hybridization at a frequency consistent with a well-represented gene library. The clones showed the same colony morphology as the parental strains when retransformed into Streptomyces. This bifunctional cosmid allows efficient cloning of streptomycete genomes in E. coli and gives the ability to perform colony hybridization, rapid chromosome walking, and transformation of selected clones directly back into Streptomyces (40) . It was used (under the slightly different name of pPFZ74) for the isolation of S. rimosus DNA sequences flanking OTC resistance determinants (37) .
The E. coli-Streptomyces shuttle vector pZG1 was constructed from the pIJ101 derivative pIJ350 and from the colE1 derivative pBR322 (75, 182) . However, this vector was rather unstable in S. rimosus, giving rise to many deletion derivatives. The vector is stable in E. coli. Plasmid pIJ101 derivatives replicate by a rolling circle mechanism, and some of them, including pZG1, lack the second-strand synthesis site (sti) (56) and thus accumulate single-stranded DNA, which might be expected to promote structural instability (184) . However, two further shuttle vectors that did contain a sti site were also unstable in S. rimosus, so the reasons for the instability remain unknown (179) .
Phage vectors have not been used extensively in S. rimosus. The most developed phage vectors for Streptomyces are based on the broad-host-range phage ⌽C31 (43). When such a vector was tested on S. rimosus, it did not give rise to visible plaques (D. Hranueli, unpublished data). Later work showed that by increasing the concentration of Ca 2ϩ ions in the medium, it was possible to generate plaques (Hunter, unpublished data) . A transfection procedure based on protoplast transformation was developed for S. rimosus (208) , and successful lysogenization was achieved with the phages R4, SH10, and RP2. Phages R4 and SH10 are broad-host-range phages that have been used for vector construction. Phage RP2 is a narrow-host-range phage isolated from S. rimosus. It was shown that deletions could be isolated in RP2, thus opening the way for future vector construction (Hranueli, unpublished data) .
Although not much cloning work has been carried out with S. rimosus, it is clear that many standard Streptomyces vectors will function in this species. It is possible to achieve high transformation frequencies both by using protoplasts and, unusually for Streptomyces strains, by the more convenient method of electroporation. The dispersed growth and good fermentation properties of S. rimosus strains make these bacteria attractive as cloning hosts for the expression of heterologous genes.
MUTATION AND SELECTION
Mutation and selection are essential parts of strain development to improve product yields by more efficient conversion of substrates during microbial fermentations. While much has been written about S. rimosus genetics over the past 50 years, a significant proportion of the most important research in mutation and selection remains the intellectual property of the various industrial concerns.
Random Mutagenesis
Empirical application of random mutagenesis has been employed for mutant isolation from the very beginning of genetic studies on S. rimosus (14, 15, 156) . More-detailed studies determining the optimal conditions required for the use of MNNG (referred to as NTG in some of the cited references) and UV irradiation were published by the early 1970s (52, 53) . Delić and coauthors (53) showed that similar conditions, which were defined as optimal for mutagenesis in S. coelicolor A3(2), were also found to be effective for auxotroph isolation from the OTC-producing S. rimosus strain R7 (ATCC 10970). Incubating spores of this strain for 1 h in the presence of 3 mg/ml MNNG at pH 9 recovered Ͼ22% of auxotrophic mutants among survivors. While UV irradiation is a fairly potent mutagen for many microorganisms, it is only poorly mutagenic for S. rimosus. When spores of S. rimosus strain R7 were exposed to 300 J/m 2 (defined as optimal conditions for UV mutagenesis in S. rimosus), only 1.24% of the survivors were auxotrophs, even if photoreactivation, which occurs in this strain, was prevented by performing the mutagenic treatment and subsequent incubation of mutagenized cells in the dark (52) . Comparative studies of the maximum frequencies of mutations induced by various mutagens in the tylosin producer Streptomyces fradiae helped to confirm these early findings (19, 20) . These procedures were later used successfully in genetic studies of S. rimosus for the isolation of auxotrophs (39, 71) and non-OTCproducing mutants (180, 200) as well as mutants of other types (107, 225) .
Localized Mutagenesis
Several possibilities for localized mutagenesis in Streptomyces have been used or suggested. These include (i) mutagenic treatment of synchronized cultures with MNNG, (ii) comutation with MNNG, (iii) treatment of temperate transducing phages with hydroxylamine, (iv) mutagenesis of protoplasts followed by fusion to untreated protoplasts carrying a counterselectable marker, (v) in vitro mutagenesis of naked chromosomal DNA followed by liposome-mediated transformation of chromosomal DNA into protoplasts, (vi) mutagenesis by insertion of transposons or insertion sequences into target genes, (vii) mutational cloning, and (viii) site-specific in vitro mutagenesis of cloned fragments of DNA followed by reintroduction of the DNA into protoplasts and recombination with homologous resident sequences (see reference 98 and references therein). The only procedure for localized mutagenesis applied to S. rimosus has been comutation with MNNG. Randazzo and coauthors (191) used selection of revertants of a gene for histidinol dehydrogenase (hisA gene) originating from the S. coelicolor A3(2) his operon after treatment with MNNG. This produced populations containing Ͼ6% comutants with mutations within the operon and about 4% comutants with mutations in the adjacent loci. A very similar pattern of mutation was observed when S. rimosus R7 was used (39) . By reverting the mutation in the hisA2 gene with MNNG, using a selective medium designed for S. coelicolor, the occurrence of comutations in the his cluster around hisA, as well as comutations with hisA of the amm, met, arg, and trp genes, was observed. Therefore, the comutation procedure proved to be a promising shortcut for the isolation and preliminary localization of new genes with respect to reference markers as well as for checking the positions of genes that were already located. Furthermore, at that time, it was the most effective procedure for determining the degree of homology between similar species. Comutants of S. rimosus R6 (the Zagreb strain) that appeared among revertants of the pdx-10 locus (phe and ilv) (8) were of special interest. Firstly, genes in these classes had not been isolated previously from S. rimosus. Secondly, they are located in a poorly mapped region, and most importantly, they may be situated near the otcA, -B, -C, and -D loci, opening the possibility of isolating comutants with mutations in the otc region (180) . Although the comutation phenomenon has been used for the isolation of genes involved in antibiotic production in Streptomyces bikiniensis (85) , further applications of this procedure for localized mutagenesis in S. rimosus genetic studies or strain development programs have not been published.
Mutations affecting regulatory antibiotic genes. The concept that control mechanisms can be bypassed through mutations can be exploited in strain development programs (140) . Martin and collaborators (141) devised a method for visualizing antibiotic production on solid media in the presence of phosphate. Mutants of S. griseus altered in phosphate regulation were isolated so that phosphate no longer inhibited the biosynthesis of candicidin. Some of these mutants produced more antibiotic than the wild type in both phosphate-supplemented and unsupplemented production media. These mutants were not altered in the permeation of phosphate but rather appeared to be deregulated in phosphate control of candicidin synthesis. Phosphate-deregulated mutants may have considerable industrial significance, permitting antibiotic fermentations to be performed in complex media with high phosphate contents (141) . Biosynthesis of OTC is regulated by the concentration of phosphate in the growth medium (22) , and industrial production is carried out at growth-limiting concentrations of inorganic phosphate (140) . Apart from a very early report (16) of random mutagenesis by UV irradiation leading to the isolation of S. rimosus LS-T293 mutants capable of tolerating high concentrations of inorganic phosphate, there are no published data employing this or any other method for the isolation, characterization, and commercial application of phosphate-deregulated mutants in tetracycline-producing microorganisms, including S. rimosus.
Other mutations affecting antibiotic yield. Apart from mutations in regulatory genes that could affect antibiotic production in a direct way, mutations that influence production indirectly can also be uncovered. However, the isolation of mutants with the ability to use cheaper raw materials with superior biotechnological properties, such as a lower level of foaming, improved filtration, or the ability to produce higher yields under particular fermentation conditions of temperature or oxygen tension, has not been widely described (although undoubtedly such mutants have been isolated and used in industry). The only published example is the construction of the S. rimosus LS-T hybrid (type I) by genetic recombination (158) . The Russian group succeeded, after screening prototrophic recombinants of a genetic cross, to recognize a recombinant (LS-T hybrid) that displayed no foaming of the fermentation medium. This strain also produced an elevated level of OTC, but it was not resolved whether the increase in antibiotic level was due to the reduced foaming or caused by a separate recombination event.
Strains having other indirect superior characteristics, e.g., resistance to various actinophages, have also been isolated (106, 107, 225) . For more than 50 years, it has been known that actinophages can attack streptomycetes, but these viruses did not attract much attention until their undesirable interference with industrial fermentations was recognized. Efforts have been made to select antibiotic-producing mutants which are resistant to infection. Mutants possessing a partial degree of resistance to actinophages often appear. Such strains, when plated with a given phage preparation, give rise to much smaller numbers of plaques than the original, sensitive organism. These strains have been designated semiresistant (233) . Vešligaj and collaborators (225) described mutants of S. rimosus R6 that were semiresistant to a virulent actinophage. To isolate S. rimosus mutants capable of overcoming actinophage infections, the virulent actinophage RP1 (Fig. 11 ) was obtained and partially characterized.
Actinophage RP1 has a very narrow host range restricted to S. rimosus strains. One-step growth experiments with RP1 showed a 2-hour minimum latent period and a 1.5-hour rise period. The average burst size was about 50 actinophage particles. Divalent cations are necessary for attachment, and the actinophage forms large, regular, clear plaques. RP1-resistant mutants were isolated, but it appeared that enrichment by selective pressure was not very efficient in obtaining fully resistant mutants. After a few subcultures in RP1-containing liquid medium, the population predominantly consisted of phenotypically resistant cells, but the majority could be made to revert to the sensitive state by restreaking of mycelial fragments or by growing the cells in the presence of RP1-specific antiserum. Therefore, a pseudolysogenic condition was established. However, 0.1% of potentially resistant isolates, when tested in RP1-containing liquid culture, exhibited the following characteristics: (i) there was no loss of viable cells upon infec-VOL. 70, 2006 STREPTOMYCES RIMOSUS GENETICS 721 tion with RP1, (ii) resistant cells supported almost no growth of the actinophage, and (iii) the relative OTC titer remained the same, irrespective of the presence of the actinophage. In semiresistant strains, the propagation of RP1 was characterized by approximately 2.5-fold-longer latent and rise periods, but there was no significant reduction in burst size. The longer generation time for the phage changed the balance between growth of the host and killing by the phage. Semiresistant mutants of S. rimosus R6 retained the ability to produce the same yield of OTC even in the presence of the actinophage and proved useful in the industrial production of the antibiotic (225) . All attempts to isolate fully resistant mutants have been unsuccessful. Inefficient selective pressure and the relatively frequent appearance of semiresistant strains could explain the difficulties in detecting fully resistant mutants. Putative temperate actinophages have also been studied. For example, lysis of S. rimosus cultures by two lysogenic strains (560 and IK) was observed in several cases under industrial conditions (195) .
However, lysis was not induced by a virulent mutant of a temperate actinophage but by some other lytic factor which could be separated by differential centrifugation and seemed to consist of at least two enzymes, a lytic and a proteolytic enzyme (194) . Although S. rimosus R6 is lysogenic for two prophages, RP2 and RP3 (104, 193) , this does not seem to cause any problems in antibiotic production.
Screening and Selection
It is possible to screen for mutants of S. rimosus affected in OTC production by using an agar-based diffusion bioassay method (178, 180, 200) . Although this approach is effective for the isolation of nonproducing mutants, there are problems in isolating highly producing mutants, as there is a poor correlation between the sizes of zones of inhibition on agar and the yields of antibiotic in liquid culture. Dulaney (63) obtained overproducing mutants among apparent revertants of nonpro- ducing mutants. Mathematical modeling of colony growth and OTC production was used to try to improve the results from the agar diffusion method (34) . Although this helped in the design of the agar-based screening, it did not overcome the basic problem of poor correlation with results in liquid culture. For many years, shake flask screens have been the main method employed by the fermentation industry to isolate improved mutants, and they are still in widespread use today. However, detailed descriptions of shake flask screening of S. rimosus mutants or recombinants have not been published.
FUTURE PROSPECTS
S. rimosus is among the best-characterized industrial streptomycetes, with the other contender being the streptomycin producer S. griseus (e.g., see references 133 and 220). As such, S. rimosus will continue to be researched to meet the substantial demand for oxytetracycline to be used as an antibiotic or to supply oxytetracyline base, which is modified chemically into semisynthetic derivative structures. It is one of the few streptomycetes that grows rapidly, in a highly dispersed form, in fermentors, with cell yields over 50 g/liter. A chemically defined growth and production medium simplifies physiological investigation.
The genetics of S. rimosus is the best developed of all industrial streptomycetes. Since the 1970s, the understanding of S. rimosus genetics has closely paralleled the groundbreaking work undertaken with S. coelicolor. To date, the genetic linkage map of S. rimosus is second only to that of S. coelicolor (9, 10, 71, 200) . The completion of the genome sequence for S. coelicolor (25) has promoted a wealth of postgenomic tools for S. coelicolor, including PCR-targeted mutagenesis (83), wholegenome mutagenesis (30) , and transfer of streptomycete-derived, plasmid-encoded genes (or modified genes) directly from E. coli, using an interspecific conjugal transfer system based on the oriT plasmid transfer system (70) . All of these technologies have now been adapted for use with S. rimosus. Other postgenomic tools, such as microarrays and protein mapping (both of which exist for S. coelicolor) (86, 123) must await the completion of the genome sequence of S. rimosus. Recent changes in the methodology of genome sequencing involving nanotechnology (139) bring such projects down to a scale that can be accomplished well within a week, with an associated 100-to 200-fold reduction in the cost of derivation of the primary data. Advances in programming that allow more automated and precise annotation of genome sequences will further reduce the time and cost of obtaining a fully annotated genome sequence for S. rimosus. The realistic prospect must be that it will be possible to obtain the genome sequence of S. rimosus in the near term.
Three important opportunities will arise from the genomic data. Firstly, S. rimosus is taxonomically distant (129) from S. coelicolor, S. avermitilis, and Streptomyces scabies, whose genome sequences are available at present. It also falls in a different cluster group from Streptomyces venezuelae, whose genome sequence has been obtained (at the Diversa biotechnology company) but is not yet in the public database. All streptomycetes will have synteny of genome sequences with each other, but the differences will be most enlightening in terms of understanding the diversity within the genus. S. rimosus lies within a cluster grouping that has no genome sequencing activity at present, reinforcing the view that this information is critical to a better understanding of the relationships between and across members of the genus. We already know that homologs of some genes, particularly the developmental genes (bld and whi) identified for S. coelicolor, may have subtly different roles in other species. Thus, gene knockouts of homologs in different species have different phenotypes. Pursuit of this important perspective requires both the genome sequence and advanced genetic tools.
Secondly, S. rimosus provides an unparalleled resource in terms of the genealogy of improved OTC production strains. Industrial mutation programs have resulted in an increase in production from that of the initial soil isolate (producing some tens of mg/liter of OTC) to that of advanced strains, which produce yields approaching 100 g/liter of the antibiotic. Now that whole-genome sequencing of members of this lineage is realistic, it will be possible to define the changes in genome architecture as well as single-nucleotide polymorphic changes which were responsible for the dramatic increase in production.
Thirdly, the integrated genomic data provide the platform to undertake further manipulation of the S. rimosus chromosome, informed by observations from other species which increase antibiotic productivity, in a well-defined way. Previously, such advances had to be identified by random or directed screening (both very labor-intensive), but they will now be possible using defined genetic changes based on site-directed mutagenesis and allelic replacement. In addition, this precise manipulation of antibiotic production genes will provide the opportunity to derive novel bioactive compounds based on the tetracyclic nucleus, which could herald a new generation of tetracyclinebased therapeutics.
